20 The b-barrel assembly machinery (BAM) inserts outer membrane b-barrel proteins 21 (OMPs) in the outer membrane of Gram-negative bacteria. In Enterobacteriacea, BAM 22 also mediates export of the stress sensor lipoprotein RcsF to the cell surface by assembling 23 RcsF-OMP complexes. Although BAM has been the focus of intense research due to its 24 essential activity in generating and maintaining the outer membrane, how it functions 25 assembly of E. coli's diverse set of OMPs, only BamA and BamD are essential and conserved 51 throughout Gram-negative bacteria 1,2 . Despite important structural and functional insights 52 during 15 years of intense scrutiny, crucial questions remain unsolved regarding BAM's 53 mechanism. In particular, the functional importance of BamA cycling between the outward-54 open and inward-open conformations remains unclear, as are the respective contributions of 55 the various BAM components to OMP assembly 9 . 56 57
Here we sought to address these questions by obtaining structural information about the 80 interaction between BamA and RcsF. In a series of exploratory experiments, we co-81 overexpressed RcsF with the BamAB sub-complex, or with the BamABCDE holocomplex; 82 both BamAB-RcsF and BamABCDE-RcsF could be detergent-extracted from the membrane 83 and purified via affinity chromatography using a His-tag on the N-terminus of BamA (Fig. 1) . 84
Using native gel electrophoresis, we confirmed that RcsF binds BamABCDE, and not only 85
BamAB (Extended Data Fig. 1a , b, c). However, whereas BamAB-RcsF was stable and could 86 be purified to homogeneity by size-exclusion chromatography, BamABCDE-RcsF was 87 unstable (Extended Data Fig. 1d ). The BamAB-RcsF complex was crystallized and its structure 88 solved to 3.8 Å resolution by molecular replacement using the structures of BamA and RcsF 89 (PDB: 5D0O and 2Y1B, respectively; Extended Data Table 1 ). While this structure contained 90
BamA and RcsF (Fig. 2) , BamB was absent, perhaps as a result of proteolytic degradation, as 91 reported previously for this protein when crystallization of the E. coli BAM complex was 92 attempted 4,5 . The asymmetric unit contained two BamA-RcsF conformers, although for one of 93 them, no unambiguous electron density was observed for POTRA domains 1, 2, 3, and 5 94 (Extended Data Fig. 2a, b ). In both BamA copies, RcsF was lodged deep inside the lumen of 95 the BamA b-barrel ( Fig. 2a; Extended Data Fig. 2c ). The latter was found in an inward-open 96 conformation closely matching that reported in structures of E. coli BamABCDE ( 6 , with a root 97 mean square deviation of 0.9 Å for 383 equivalent Ca atoms in the BamA b-barrel of PDB: 98 5D0O) or BamA truncates lacking POTRA domains 1-4 or 1-5 17-20 . Inside BamA, RcsF 99 contacts two BamA loops protruding into the b-barrel: (1) extracellular loop L6 ( e L6; ~77 Å 2 100 buried surface area, one putative H bond; note that at 3.8 Å resolution, amino-acid sidechain 101 positions cannot be unambiguously determined), and (2) the periplasmic loop connecting 102 strands 7 and 8 ( p L4; ~140 Å 2 buried surface area, one putative H bond) ( Fig. 2, 3a ). Although 103 contacting RcsF, these loops retain a conformation closely matching that seen in inward-open 104 apo BamA structures (Fig. 3b ). However, the main BamA-RcsF contact occurs through the 105 luminal wall of the BamA b-barrel, encompassing ~1100 Å 2 of buried surface area and 106 comprising up to 15 putative H-bonds ( Fig. 2 ). This RcsF-BamA b-barrel interaction can be 107 divided into three zones. Zone 1 (Z1) consists of perhaps nine H bonds formed by BamA 108 residue 488 and residues 463, 465, and 466 in the loop connecting b3 and b4 and contacting 109 the RcsF loop connecting b1 and a1 (L b1-a1 ) ( Fig. 2b, c, Fig. 3a , c). Zone 2 (Z2) is made of 110 perhaps four H bonds formed by BamA residues 592 and 634, located above p L4 (Fig. 2c, 3a) . 111 b16, one of the components of the proposed lateral gate of the BamA b-barrel, constitutes the 112 third zone (Fig. 2b, c, 3a ). The bottom of RcsF protrudes out of the BamA b-barrel into the 113 periplasm, residing in close proximity to POTRA domains 3-5 ( Fig. 2a, b ). As a result, RcsF 114 sterically pushes POTRA5 outward, causing a 26° rotation compared to the inward-open 115 conformation found in apo BamA structures 5,6 ( Fig. 3b ). Although the lipid anchor of RcsF 116 and the N-terminal disordered linker (residues 16-50) 21,22 are not apparent in this structure, the 117 position of RcsF is compatible with the lipid anchor residing in the inner leaflet of the outer 118 membrane. Of note, the binding interface between RcsF and BamA does not overlap with the 119 binding sites of BamA for its accessory lipoproteins (Extended Data Fig. 3 ). Consistent with 120 this observation, the RcsF-BamA interaction is compatible with the binding of BamBCDE, as 121 determined experimentally ( Fig. 1 ; Extended Data Fig. 1 ). 122
123
To validate the BamA-RcsF conformation revealed by the X-ray structure, we subjected the 124 complex to crosslinking and analysis via mass spectrometry using the homobifunctional NHS-6 ester crosslinker disuccinimidyl dibutyric urea 23 . Crosslinks were identified between lysine 126 residues in RcsF (two lysines from the globular domain and one located at the C-terminus of 127 the linker) and those in POTRA4 and POTRA5 (Extended Data Fig. 4a ; Extended Data Table  128 2), providing further support for the architecture of BamA-RcsF determined by 129 crystallography. To confirm that RcsF binds inside the barrel of BamA, we incorporated the 130 photoreactive lysine analog N6-((3-(3-methyl-3H-diazirin-3-yl)propyl)carbamoyl)-L-lysine 131 (DiZPK) 24 at multiple positions in the BamA b-barrel domain, selecting residues (R583, R592, 132 K598, K610, R632, R634, R661, K808) whose sidechains face the lumen of the barrel 133 (Extended Data Fig. 4a ). After exposure to ultraviolet light, RcsF efficiently crosslinked to 134
BamA when DiZPK was incorporated at three of the selected residues (R592, R598, K610) 135 and to a lower extent at residue K808 (Extended Data Fig. 4a, b ), confirming that RcsF binds 136 deep inside the barrel. We measured an equilibrium dissociation constant of 350±49 or 420±48 137 nM, respectively, depending on whether BamA or RcsF was immobilized (Extended Data Fig.  138 4c, d). Finally, we deleted loop 1, a short, non-essential 25 segment located between the first 139 and second b-strands of the barrel (residues 434 to 437; BamA∆loop1), in close proximity to 140 RcsF ( Fig. 3a ; Extended Data Fig. 4a ). RcsF could be pulled down with BamA but not with 141 BamA∆loop1 (Extended Data Fig. 4e ), indicating that deletion of this loop prevents a stable 142
BamA-RcsF interaction. Further, the Rcs signaling cascade, which is turned on when RcsF 143 fails to interact with BamA 10 , was constitutively induced in ∆bamA cells complemented with 144 BamA∆loop1 (Extended Data Fig. 4f ). In sum, these results provide functional evidence for our 145 structure of BamA-RcsF and confirm the presence of RcsF inside the barrel of BamA. barrel, as well as a 20 Å inward displacement of POTRA 5 ( Fig. 3a , b, c) 5,6 . Strikingly, BamA 194 strands 1-6 coincide with the main RcsF-BamA interaction zone (Z1) seen in our structure, 195 such that outward rotation of Z1 may exert a pulling force on the tip of RcsF (Fig. 3a, c) . 196
Concomitantly, the inward movement of POTRA5 would exert a pushing force on the bottom 197 of RcsF ( Fig. 3c ). We therefore hypothesize that during the inward-to-outward transition of 198
BamA, this push-and-pull action on RcsF could play a role in the transfer of RcsF to its OMP 199 partners and its translocation to the cell surface ( Fig. 4b) . 200 201 It has been proposed that the lipid moiety of RcsF is anchored in the outer leaflet of the 202 membrane and that the N-terminal disordered linker is exposed on the cell surface before being 203 threaded through the lumens of the OMPs 11 . In this model, the globular domain of RscF resides 204 inside the periplasm. Although we cannot rule out that RcsF flips during release from BamA 205 and transfer to its OMP partners, our structure is more consistent with the hypothesis that 206
BamA releases the globular domain of RcsF on the cell surface. Further investigation will be 207 needed to answer this question, and whether the location of RcsF depends on the identity of its 208 OMP partner. 209
210
We previously reported that RcsF uses its interaction with BamA to detect stress in the cell 211 envelope: when damage occurs in the peptidoglycan or the outer membrane, newly synthesized 212
RcsF molecules fail to interact with BamA, activating the Rcs stress response 10 . Our structure 213 provides a possible explanation for this scenario by suggesting that BamA preferentially adopts 214
the outward-open conformation when envelope integrity is impaired, which would de facto 215 prevent RcsF binding and promote Rcs activation. Thus, we propose that cells could monitor 216 envelope integrity via the conformational cycling of BamA. Extended Data Table 5 . By using pJH114 as a template and performing site-directed 409 mutagenesis (SDM), we introduced a six-histidine tag at the N-terminus of BamA. The 410 C-terminal His-tag of BamE was also removed via SDM, generating pRRA1. The primer 411 pairs were "SDM-HisBamA F" with "SDM-HisBamA R" and "bamE delHis F" with 412 "bamE delHis R". To add bamB next to bamA in pBamA, both bamA and bamB were 413 PCR amplified as a single DNA fragment from pJH114 32 using primers "pTrc-for" and 414 "bamB (NotI) R". The PCR product and pBamA were digested with NcoI and NotI and 415 then ligated, yielding pBamA-B. To clone bamC, bamD, and bamE as an operon into a 416 low-copy plasmid (pAM238), PCR was performed on pRA1 as a template using primers 417 "bamC kpnI F" and "pTrc-rev2". The PCR product and pAM238 were digested with KpnI 418 and XbaI and ligated, generating pSC263. We cloned bamA without the six-histidine tag 419 into the low-copy plasmid pSC231 10 , yielding pSC270. bamA was PCR amplified from 420 Ramachandran outliers (1.4%). We note that side chain positioning is frequently 512 ambiguous at 3.8 Å resolution and should therefore not be over-interpreted by users of 513 the deposited model. Side chains for which no unambiguous electron density was 514 observed were not pruned for ease of model interpretation. Such side chains were 515 included in refinement and manually modelled in there most likely rotamer using Coot. 516 Data collection and refinement statistics are found in Extended Data Table 1 . 517 518
Site-specific photo-crosslinking 519
We used a site-specific photo-crosslinking method described previously 10 Therefore, we introduced mutations of bamA in these plasmids to test the physiological 576 effects of BamA mutants; plasmids were expressed in the presence or absence of bamA 577 on the chromosome. Cells (2 mL) were harvested at OD600 ~ 0.5 to purify BamA, except 578 during the following experiment. The cysteine mutants of BamA, when oxidized to form 579 a disulfide bond, allow BamA to form an "open" or "closed" lateral gate. Therefore, the 580 efficiency of disulfide-bond formation in these mutants is very important. To enhance the 581 oxidation of cysteines to form disulfide bonds, we added 3 mM tetrathionate as an oxidant 582 41 at OD600 ~ 0.5 and harvested cells (1 mL) at OD600 ~ 1.0. 583
584
Since there was a six-histidine tag at the N-terminus of BamA, we used Dynabeads™ 585
His-Tag (Invitrogen) for Ni-affinity purification. After resuspending cells in 350 µL of 586 25 mM Tris-HCl [pH 7.4], 290 mM NaCl, 1 mM imidazole, and 0.05% (w/v) DDM 587 (buffer A), cells were lysed via mild sonication on ice. Membrane vesicles were further 588 solubilized by increasing the DDM concentration to 1% (w/v). After removing debris via 589 centrifugation at 9,300 × g for 10 min, 5 µL of Dynabeads™ His-Tag (pre-washed with 590 buffer A and resuspended in the same volume) were added to 250 µL of the supernatant, 591 which was incubated for 20 min at 4 °C. The rest of the supernatant was used as the input 592 fraction. The magnetic beads were pulled by a magnet and the supernatant was taken for 593 the flow-through fraction. After washing the beads three times with 750 µL buffer E using 594 the magnet, bound proteins were eluted with 83 µL (three times enrichment compared to 595 the other fractions) of buffer A with 300 mM imidazole. Forty microliters of the input, 596 flow-through, and elution fractions were mixed with SDS-PAGE sample buffer. After 597 denaturation of the three fractions, SDS-PAGE was performed, followed by 598 immunoblotting using rabbit-raised anti-BamA, anti-RcsF 10 , anti-BamB, anti-BamC, 599 anti-BamD, and anti-BamE. 600
601
To determine the redox states of the cysteine-introduced gate mutants of BamA, we added 602 3 mM N-ethylmaleimide in SDS-PAGE sample buffer to alkylate cysteines to prevent 603 thiol-disulfide exchange. The sample was divided into two aliquots and 10 mM of tris(2-604 carboxyethyl) phosphine was added to one of them to obtain the reduced state of BamA 605 as a control. Nu-PAGE (4-12% gradient; Novex) was used to separate the oxidized and 606 reduced bands of BamA. 607 608
Biolayer interferometry 609
Untagged BamA was first biotinylated using the EZ-Link NHS-PEG4-biotin kit (Perbio 
